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Solution Structure of MT_nc, a Novel
Metallothionein from the Antarctic Fish
Notothenia coriiceps
but the high thermodynamic and low kinetic stability
suggest that they may bind the metal moiety with a
considerable stability, providing at the same time a facile
metal exchange with other proteins. Because of the un-
usual capability to sequester heavy metals, MTs may
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Institute of Protein Biochemistry also act as a defense against the harmful effects of toxic
elements, primarily cadmium and mercury [2].via Marconi 10
I 80125 Naples A great deal of knowledge on the chemical features
of MTs has arisen from the determination of three-Italy
2 Department of Chemistry dimensional structures obtained mainly by NMR spec-
troscopy [3–9], but also by X-ray crystallography [10,University of Naples “Federico II”
via Cinthia 45 11]. The results reported insofar demonstrate that the 3D
solution structures of mammalian MTs are very similar,I 80126 Naples
Italy featuring identical cluster topology and polypeptide
folding. The three-dimensional structure of the sea ur-3 BIOMODEM pscrl
via Fiorentina chin MT has a cluster topology similar to that of evolu-
tionary distant MTs but displays some differences inI 53100 Siena
Italy both backbone folding and connectivity pattern of the
sulfur-metal bonds [8]. A comparative study of the4 National Institute for Medical Research
Medical Research Council chemical features of vertebrate MTs may contribute to
a better understanding of the biological functions ofThe Ridgeway
Mill Hill MTs. Such a study has never been performed because,
among vertebrates, the only MT structures available areLondon NW7 1AA
United Kingdom those of mammalian origin. At first glance, the striking
similarity of MT sequences from different classes of
vertebrates suggests the existence of an almost equal
likeness at the structural level. Indeed, all vertebrateSummary
MTs display the same arrangement of the cysteine-con-
taining motifs, with the exception of fish MTs, in whichThe structure of [113Cd7]-metallothionein (MT_nc) of the
the last CXCC motif in the  domain becomes CXXXCCAntarctic fish Notothenia coriiceps, the first three-
[12]. Such a synapomorphism may have important struc-dimensional structure of a fish metallothionein, was
tural and, possibly, functional consequences in fish MTs.determined by homonuclear 1H NMR experiments and
In previous papers, we have studied piscine MTs and,heteronuclear [1H, 113Cd]-correlation spectroscopy.
in particular, compared the physicochemical character-MT_nc is composed of an N-terminal  domain with
istics of the MT of Notothenia coriiceps, an Antarctic9 cysteines and 3 metal ions and a carboxy-terminal
fish, with those of the mouse MT [12–15]. The two pro--domain with 11 cysteines and 4 metal ions. The posi-
teins differ markedly in the amino acid residues placedtion of the ninth Cys of the  domain of MT_nc is
between the cysteines and, consequently, in the valuedifferent from the corresponding Cys of mammalian
of the hydrophobicity index. A preliminary study carriedMTs. As a result, the last CXCC motif in the mammalian
out on a fish MT with the use of NMR spectroscopyMT sequence becomes CXXXCC in the fish MT. This
unveiled a selective broadening of the heteronucleardifference leads to a structural change of the domain
spectra that may reflect a higher structural flexibility [15].and, in turn, to a different charge distribution with
Two-dimensional [1H, 113Cd]-correlation experiments ofrespect to that observed in mammalian metallothio-
N. coriiceps MT_nc show a difference in intensity of theneins.
[1H, 113Cd] correlations between the and domains that
is apparently higher than in the corresponding spectra of
Introduction mammalian MTs.
The fact that the observed broadening does not affect
Among all known proteins, metallothioneins (MTs) have the homonuclear spectra suggests an exchange phe-
the most striking peculiarities. They are small in size nomenon involving the metal ions that is much more
(typically 6–7 kDa), rich in cysteines (20 residues per pro- pronounced in fish MT than in mouse MT. NMR observa-
tein molecule), and lack well-defined secondary structure tions are paralleled by both circular dichroism and dy-
elements. Indeed, their fold is dictated mostly by a clus- namic fluorescence spectra of fish MT that are consider-
tered network of metal-thiolate bonds among the sulfur ably influenced by temperature, whereas the mouse MT
atoms of the cysteine residues and the metal ions, usu- is much less affected by heating. An additional distinct
ally represented by zinc, copper, and cadmium [1]. The feature of fish MT is the more pronounced reactivity of
role played by MTs has been debated for a long time,
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the metal-thiolate clusters in the presence of the redox were measured by E-COSY experiments [26]. In the
structure calculation with DYANA, spin coupling valuescouple formed by reduced and oxidized glutathione [15].
In the present report, we describe the first three- were input into HABAS to obtain the possible range of
torsion angles with simultaneous consideration of thedimensional structure of a fish MT. The sequential
1H-NMR assignments and subsequent structure deter- NOE-derived distance restraints, to yield a total of 103
angular constraints. Additional constraints were fur-mination were performed on the recombinant Noto-
thenia coriiceps Cd7-MT_nc by homonuclear and heter- nished by Cd2-sulfur bonds [3].
Since we could not detect any long-range interdomainonuclear NMR spectroscopy. The position of the ninth
Cys of the  domain of MT_nc, as of other piscine MTs, NOEs, separate structure calculations were performed
for the two domains. For the  domain, the input for theis different from the corresponding Cys of mammalian
MTs. In the new structure, this difference leads to a final structure calculation with the program DYANA [22]
consisted of 253 NOE upper-limit distance constraints,structural change of the  domain and, in turn, to a
different charge distribution with respect to that ob- 12 Cd-S bond constraints, and 63 dihedral angle con-
straints; for the  domain there were 373 NOE distanceserved in mammalian metallothioneins.
constraints, 16 Cd-S bond constraints, and 50 dihedral
angle constraints, amounting to more than 14 constraints
Results per residue. The good rmsd of the best 20 structures
(0.44 for the  domain) together with the small size and
Structure Determination number of residual constraint violations in the DYANA
The NMR structure determination of N. coriiceps [Cd72]- runs shows that the input data represent a self-consis-
MT_nc was performed at pH 7.0 and 293 K with natural tent set and that the constraints are well satisfied in
abundance or 113Cd-labeled recombinant protein sam- the calculated conformers. As a further refinement, we
ples [15]. All attempts to measure additional restraints performed a restrained energy minimization on the 40
via 15N and/or 13C labeling were frustrated by the negligi- DYANA structures with the lowest target function values
ble yields of properly folded protein expressed in mini- with the SANDER module of the AMBER 5.0 package
mal media. This situation is not new in the field of MTs, [27]. The best 20 structures were selected to represent
since all previous structural determinations have been the solution structure. The quality of the structure deter-
performed only with NOEs collected in homonuclear mination is reflected by global rmsd values relative to
experiments. This approach, although at variance with the mean coordinates for the backbone atoms of both
state of the art structure determination of larger proteins domains (Table 1). The core of thedomain is character-
by NMR, remains acceptable for small proteins, such ized with greatest precision; the rmsd calculated for
as the domains of MTs, whose fold is dominated by the the backbone heavy atoms of residues 31–59 is 0.44 A˚
clustered network of metal-thiolate bonds among the (Table 1). Figure 1 shows the bundle of the best 20
sulfur atoms of the cysteine residues and the metal ions. structures for the two domains separately, since we
Resonance assignments were obtained by standard did not detect any interdomain NOEs. The total lack of
procedures. COSY [16], TOCSY [17], and NOESY [18] correlation between the two domains, although common
experiments were used for spin system identification. to all other solution studies, is at variance with the corre-
The assignments for the backbone amide protons and lation found in the crystal structure of rat liver MT2 [10],
the -carbon hydrogen atoms are complete except for where correlation may be induced by crystallization [28].
the two initial residues (Gly1 and Ser2) of the hexapep- However, the observation that the two domains do
tide N-terminal segment added in the expression proto- not interact in any significant way relies on the possibility
col. Most nonexchangeable side chain protons were of detecting a number of weak NOEs between pairs of
assigned. Analysis of the 3JHN and 3J coupling con- protons belonging to different domains. Such effects, if
stants together with the corresponding intraresidual and present, may be so weak as to be virtually undetectable
sequential NOEs with the program HABAS [19] yielded among the stronger intraresidue NOEs in crowded 2D
stereo-specific assignments for 13 CH2 groups out of spectra. On the other hand, it can be predicted that
the 45 nondegenerate -methylene resonances. even minor interactions between the two domains can
The distribution of the Cd2 ions into two clusters of affect the chemical shifts of protons of either domain,
four and three metals was based on the thiolate-metal since the dependence of chemical shifts even on small
connectivities directly measured by means of 2D [1H, local environmental changes is highly nonlinear. It is
113Cd]-COSY spectra [20]. The two globular domains of common experience in NMR spectroscopy of proteins
MT_nc were termed the  domain (N terminal, 9 cys- that large differences in chemical shifts can occur as a
teines and 3 metal ions) and  domain (C terminal, 11 consequence of minor structural differences, whereas
cysteines and 4 metal ions), according to the convention the opposite, i.e., small differences in chemical shifts
employed for mammalian MTs (e.g., see [5]). between substantially different structures, is virtually
Interproton distances were derived from the cross- impossible. Accordingly, we have compared the spectra
peak integrals on 2D NOESY spectra in H2O or 2H2O of the isolated domains with the corresponding spectra
solution with a 150 ms mixing period. The peak integrals of the same domain in the whole protein (data not
were evaluated with the program NMRView [21], trans- shown). The superposition of partial NOESY spectra of
ferred to the program package DYANA 1.5 [22], and the isolated  domain and of the whole metallothionein
converted to a total of 1170 upper distance limits with showed conclusively that corresponding resonances
CALIBA [23]. The 3JNH-CH coupling constants were mea- occupy virtually the same position, a clear proof of com-
sured by the methods of Kim and Prestegard [24] and plete lack of correlation between the  and the  do-
mains of MT_nc.Titman and Keeler [25], and the 3J coupling constants
NMR Structure of a Fish Metallothionein
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Table 1. Summary of Restraints and Structural Statistics





Medium-range (i  5) 60 20
Long-range 31 2
Total NOEs 373 253
Dihedral angles 50 63
Precisiona
Backbone heavy atoms (A˚) 0.44  0.7 1.61  0.06
All heavy atoms (A˚) 0.71  0.15 2.03  0.12
S and Cd atoms (A˚) 0.21  0.1 0.33  0.1
a Average coordinates of the 20 energy-minimized conformers after superposition for the best fit of the atoms of the residues indicated in
parentheses.
The NMR Solution Structure of Notothenia Figure 2 shows the alignment of the sequence of MT_nc
with those of a few representative mammalian metallo-coriiceps [Cd72]-MT
The three-dimensional structure of N. coriiceps [Cd72]- thioneins along with the 3D alignment of the structures
of the  domains of MT_nc and mouse MT-I obtainedMT_nc is characterized by the presence of two domains
linked by Lys29-Lys30, i.e., a C-terminal  domain com- by fitting all Cys residues, except Cys54 of MT_nc and
Cys56 of MT-I.prising residues 31–60 and a four-metal cluster and an
N-terminal  domain comprising residues 1–28 and a The main consequence of the displacement of “anom-
alous” Cys54 with respect to the corresponding Cysthree-metal cluster.
The following secondary structure elements can be of mouse MT is the induction of a drastically different
orientation of the loop Lys50-Gly51-Lys52-Thr53 ofidentified. One  helical region from Thr41 to Ala44 and
one 310 helix from Val48 to Lys50 are clearly identifiable MT_nc with respect to the corresponding Lys52-Gly53-
Ala54-Ala55 loop of mouse MT-I. Figure 2A shows thein nearly all structures of the bundle of the  domain,
whereas only one -helical stretch from Glu5 to Ser9 superposition of the neon representations of models of
the  domains of fish (MT_nc; magenta) and mammalcould be identified in most structures of the  domains.
The lower average number of NOEs per residue in the (mouse MT-I; green). It is easy to see that, in MT_nc,
the loop rotates down, opening a wide channel. For domain of MT_nc results in a lower precision of the
structure determination for the backbone when com- better visualization of this channel, Figure 2B shows
another model of the  domain of MT_nc, with backbonepared to the  domain (Table 1). The architecture of both
domains is determined by the Cd-Cys clusters, as is the heavy atoms represented by magenta balls with their
van der Waals radium.case for all metallothioneins. MT_nc, however, like other
MTs from teleosts, has a significant sequence difference The different alignment of the loops is paralleled by
a notably different arrangement of charged residues oninvolving Cys54 that is not aligned with the correspond-
ing Cys of mammalian MTs. This difference has impor- the surface. The sequence of the domain of Notothenia
has the same number of basic and acidic residues astant consequences on the structure of the  domain.
Figure 1. NMR Solution Structure of MT_nc
(A) Superposition of the backbone heavy
atoms (N, C, and C) of residues 31–60 of
the 20-best energy-minimized structures (
domain). The termini are indicated by N and
C labels.
(B) Superposition of the backbone heavy
atoms (N, C, and C) of residues 2–28 of the
20-best energy-minimized structures ( do-
main). The Cd ions are shown as balls. The
termini are indicated by N and C labels. The
models were generated with MOLMOL [41].
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Figure 2. Alignments of Fish and Mammal MTs
(A) Superposition of the neon representations of models of the  domains of fish (MT_nc; magenta) and mammal (mouse MT-I; green).
(B) Atom representation of the  domain of MT_nc; backbone heavy atoms are represented as magenta balls with dimensions corresponding
to their van der Waals radii.
(C) Sequence alignment of representative fish and mammal MTs. The regions hosting the crucial Cys residue in typical fish or mammal
sequences are boxed with magenta and green linings, for fish and mammal sequences, respectively. The models were generated with MOLMOL
[41]. Sequence alignment was performed with CLUSTAL X [44].
the mouse (Lys42, Lys50, Lys52, and Asp55 for the fish Relationship between Structural Features
and Chemical Reactivitydomain and Lys43, Lys51, Lys56, and Asp55 for mouse
 domain), but their distribution on the surface of the The distinctive structural features characterizing fish
and mammalian MTs prompted us to compare thedomain is different, mainly as a consequence of the
“misalignment” of Cys54. Figure 3 shows a comparison chemical reactivity of the metal-thiolate clusters of fish
MT with that of the metal-thiolate clusters of mouseof the surface contact plots, colored according to the
electrostatic potential, of the  and  domains of fish MT-I. In particular, we have tested the reactivity of the
sulfydryl groups with Ellman’s reagent [5,5-dithiobis(MT_nc) and mouse (MT-I) metallothioneins that illus-
trates this point. The surfaces of the  and  domains (2-nitrobenzoate) (DTNB)] and the Zn2/Cd2 exchange.
Figure 4A shows the titration of the thiol groups of theof piscine MT compared with those in mammalian MT
differ both in the number and distribution of charged cysteine residues of fish and mouse MTs by DTNB. The
results show that the number of titrated cysteines isresidues. Figure 3A shows that the charge distribution
on the surface of the  domains, in spite of the fact that lower in fish MT than in mouse MT. Fish MT, on the
other hand, displays a better metal exchange capabilitythe charged residues are the same, is rather different
between fish and mouse. Particularly, the negative with respect to mouse MT; indeed, the number of Cd2
ions substituting for Zn2 in [Zn72]-MT_nc is higher thancharges in the fish domain are concentrated in a small
area, corresponding to the mouth of the channel of Fig- in MT-I (Figure 4B). The different reactivity of fish and
mouse MTs with DTNB can be attributed to the localiza-ure 2B. The different distribution in the fish  domain
was expected, since it has an additional acidic residue tion of the negative charge on the surface of fish MT
that may hamper the interaction with this anionic reagentwith respect to the corresponding mouse domain: Lys8,
Lys26, Asp2, and Glu5 for fish and Lys22, Lys25, and (see Figure 3). It is worth recalling that the net charge,
as given by the algebraic sum of all charged residues,Asp2 for mouse. Nonetheless, the difference shown by
Figure 3B is striking; the largely negative face of the including cysteines and metal ions, is also different for
the two proteins: that is,3 for MT_nc and1 for mousefish domain is not present in the corresponding mouse
domain. MT-I. The Zn2/Cd2 exchange, on the other hand, is
NMR Structure of a Fish Metallothionein
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Figure 3. Surface Electrostatic Potentials of Fish and Mammal MTs
(A) Comparison of the surface contact plots of the  domains of metallothioneins of fish (MT_nc; panels I and II for two views related by a
C2 axis) and mouse (MT-I; panels III and IV for the two corresponding views related by a C2 axis).
(B) Comparison of the surface contact plots of  domains of metallothioneins of fish (MT_nc; panels I and II for two views related by a C2
axis) and mouse (MT-I; panels III and IV for the two corresponding views related by a C2 axis). The surfaces are colored according to the
electrostatic potential. Calculation of the electrostatic potential and generation of models were performed with MOLMOL [41].
favored by the net negative charge of fish MT that lowers Discussion
the stability of the Zn2-thiolate complex. Indeed, in the
case of hamster MT, it had already been shown that The high similarity typical of vertebrate MTs allowed
the grouping of these proteins in a single gene family.replacement of three lysine residues by glutamic acid
affects the metal-thiolate interaction without altering the However, as a result of mutational events, a number of
sequence-specific characters appeared during evolu-overall structure [29]. In addition, in fish MT, there is a
different accessibility of the thiol groups because of tion, resulting in a moderate variability of the amino
acid residues, other than cysteines, in MTs of differentconformational modifications induced by the shifted
cysteine residue. The comparison of the backbone organisms. It has long been known that, among verte-
brates, the amino-terminal region exhibits typical spe-structures of fish MT with those of mouse MT-I reported
in Figure 2 shows quite clearly that the main structural cies-specific characteristics [30], conferring distinct an-
tigenic properties to the proteins. Although the majorconsequence of the Cys back shift is the opening of a
wide channel on the surface of the  domain. structural constraint is represented by the arrangement
Structure
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of [113Cd7]-metallothionein of the Antarctic fish Noto-
thenia coriiceps, the first fish MT to be characterized
from a structural point of view. The architecture of the
two domains, as derived from the NMR analysis, resem-
bles closely the corresponding domains of mammalian
MTs [32]. The presence of the six extra amino acid resi-
dues that were added at the N terminus to express the
recombinant proteins does not affect the overall shape
of the protein or the essential features of the metal-thiolate
clusters, as demonstrated by the fact that recombinant
mouse MT-I shows the same spectroscopic properties
of native rabbit MT-I [33]. However, the sequence differ-
ence involving Cys54 has important consequences on
the structure of the  domain. The position of Cys54
induces a drastic difference in the orientation of the loop
Lys50-Gly51-Lys52-Thr53 with respect to the corre-
sponding Lys52-Gly53-Ala54-Ala55 of MT-I, and this dif-
ference, in turn, induces a different distribution of
charges on the surface of the  domain.
Another interesting peculiarity of fish MT, with no
counterpart in mouse MT, is given by the presence of
an -helical region spanning residues Thr41–Ala44 and
a 310 helix from Val48 to Lys50 in the  domain and by
the presence of an -helical stretch spanning Glu5–Ser9
in the  domain. The existence of short  helix elements
was postulated to explain features of the FT-IR spectra
of fish MT [34]. A clear transition, monitored by the posi-
tion of the  helix band and corresponding to the onset
of unfolding at 30	C, was registered in coincidence with
changes of the metal-thiolate complex. This effect may
be attributed to the presence of cysteine residues in the
two  helices found in fish MT.
The results of our recent studies showed that the
optical properties of fish and mouse MTs are sensitive
to temperature, but in a markedly different way [15]. It
was postulated that the different temperature-induced
modifications of the optical properties observed in fish
Figure 4. Comparison of the Thiol Group Accessibility and Metal and mammalian MTs may be due to the lower number
Exchange of Fish and Mammal MTs
of (CK) motifs in fish MT. As pinpointed in earlier studies
(A) Titration of reactive cysteinyl groups with DTNB. The reaction
but also discussed in this paper, cysteine 54 is backwas carried out as described in Experimental Procedures.
shifted by two positions in piscine MT with respect to(B) Zn2/Cd2 exchange in mouse and fish Zn7MT. The exchange
cysteine 56 of mammalian MT. As a result of such areaction was followed as described in Experimental Procedures, by
measuring the formation of the Cd2-thiolate chromophore. modification, the last CXCC motif in the mammalian MT
sequence becomes CXXXCC in fish MT; in light of the
present structure determination, it is now possible to
of the 20 cysteines and by the well-defined architecture discuss this peculiarity in structural terms and, possibly,
of the metal-thiolate clusters, the residues placed be- to link it to the kinetics of ion exchange.
tween the cysteine residues may affect the structure of In spite of the elusive role played by metallothionein,
the protein. The case of two MT isoforms found in the any biological function postulated for this protein turns
snail Helix pomatia is paradigmatic [31]. The two pro- out to be closely related to the structure of the metal-
teins are expressed in different tissues of the same or- thiolate clusters and to their ability to exchange metal.
ganism by distinct genes and differ in a limited number Indeed, notwithstanding the apparent rigidity of the mol-
of amino acid substitutions at positions not occupied ecule, metallothionein is in a dynamically active state,
by cysteines. In spite of such a striking similarity, one with a continuous redistribution of the metal ions inside
isoform binds cadmium and the other binds copper, and within clusters. However, the possibility that differ-
leading to the formation of two structurally different ences in metallothionein structure could affect the clus-
complexes. ter reactivity has not yet been explored. The most promi-
Piscine MTs show a number of distinctive features nent difference between fish and mammalian MTs is
with respect to their mammalian counterparts, the most the difference in dynamical behavior between the two
striking of which are the displacement of the ninth cys- domains ( and ). In fact, the [1H, 113Cd]-correlation
teine residue of the  domain and a different number of NMR experiment on N. coriiceps MT (Figure 5) shows
CK (or KC) motifs along the polypeptide chain. In the a difference in intensity of the [1H, 113Cd] correlations
from the two domains that is much more pronouncedpresent paper we report the three-dimensional structure
NMR Structure of a Fish Metallothionein
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Figure 5. 2D [1H, 113Cd] Long-Range Correlation Spectrum of N. coriiceps Cd-MT
The spectrum was collected at 303 K and 400 MHz proton Larmor frequency, with an evolution time for the heteronuclear coupling of 30 ms.
The Cd resonances, labeled I–VII in order of increasing chemical shift, are grouped in  and  domains.
than in mammalian MTs (e.g., see [32]). Our present Biological Implications
results show significant differences in cysteine reactivity
and metal exchangeability between fish and mouse met- Metallothioneins (MTs) are low-molecular weight, cys-
teine-rich proteins provided with high metal binding ca-allothioneins, suggesting a close relationship between
structural diversity and protein reactivity. Although diffi- pacity. Several biological roles have been invoked for
MTs, e.g., they may be shields against toxic heavy met-cult to correlate quantitatively, it is tempting to suggest
that kinetic data reflect not only the conformational dif- als (Cd, Hg, and Pb), active agents in the homeostasis
of Zn2 and Cu2, or scavengers of superoxide radicalsferences between the two proteins, but also the change
of surface charge distribution from mammal to piscine MT. in oxidative stress. A possible way to validate these
hypotheses or to discriminate between them would beAnother feature of fish MT that must be taken into
account is its larger hydrophilicity with respect to mam- to establish structure-activity correlations with several
MTs from different organisms. However, the availablemalian MT [43], a characteristic that is positively cor-
related to molecular flexibility. Indeed, the observed structures concern MTs of mammalian origin that are
very similar, as a direct consequence of the extremebroadening of resonances, particularly evident for the
 domain, may be partially attributed to the larger flexi- similarity of their sequences.
MTs of teleosts stand out among MTs for two peculiarbility of MT_nc. This is in agreement with our previous
studies carried out with the aid of dynamic fluorescence features: the shift of a C-terminal Cys and a smaller
number of CK (KC) motifs. It was known that they havespectroscopy showing that MT_nc possesses a more
flexible structure than mouse MT-I [34]. As proteins from different thermostability, different metal affinity, and dif-
ferent redox properties with respect to mammalian MTs,cold-adapted organisms are often characterized by a
higher hydrophilicity accompanied by a larger flexibility, but it was not known whether they also have a different
3D structure or, most of all, whether their structure corre-it is possible that the structural variability observed in
MTs of various origin may reflect functional and physio- lates with these differences. The structure of MT_nc shows
indeed that, in the  domain, the unusual sequencelogical differences. In this context, it is interesting that
structural divergences within the MT family reflect their induces a major structural change, in the form of a large
displacement of a loop, and this change, in turn, leadsphylogenetic relationships [42].
Structure
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Distance constraints of the Cd-sulfur bonds were chosen accordingto a different distribution of charges on the surface. In
to Arseniev et al. [3]. 3J- coupling constants were measured byaddition, the  domain MT_nc hosts an extra charged
E-COSY experiments [26], whereas 3JNH- coupling constants wereresidue (E5), leading once again to a different surface
estimated by the methods of Kim and Prestegard [24] and Titman
charge distribution with respect to mammalian MTs. The and Keeler [25]. In the structure calculation with DYANA, spin cou-
main biological implication of the present structural pling values were input into HABAS to obtain the possible range of
torsion angles with simultaneous consideration of the NOE-derivedwork is that the marked difference in the distribution of
distance restraints, to yield a total of 184 angular constraints [19].surface charges can have a profound influence on the
A total of 1170 NOESY crosspeaks were determined and, after selec-kinetics of ion exchange. The propensity of MT_nc to
tion of redundancies and inconsistencies with the aid of CALIBA,release or exchange zinc more easily than its mamma-
in the present calculation, 734 distance and 184 dihedral angle
lian counterpart suggests that zinc-dependent pro- restraints were incorporated.
cesses may be differentially regulated in poikilotherm and Separate structure calculations were done for the  domain con-
taining residues 1–28 and for the  domain containing residueshomeotherm organisms. The larger flexibility of MT_nc is
31–60, with the exclusion of the linker Lys29-Lys30 peptide. Thea feature frequently found in cold-adapted proteins.
final round of DYANA structure calculations was started with 40
randomized conformers. The 20 DYANA conformers with the small-Experimental Procedures
est target function values were chosen to represent the three-dimen-
sional NMR structure. All color figures were generated with theSample Preparation
program MOLMOL [41].The recombinant polypeptide of Notothenia coriiceps (Antarctic fish)
MT_nc was obtained and expressed in E. coli strain BL21 (DE3), as
described in [15]. The cells were grown until mid-log phase (O.D.590
 Sulfydryl Reactivity of the [Zn72]-MT
0.6). At this point IPTG and CdSO4 (113CdSO4 for the labeled sample) The sulfydryl reactivity of the fish and mouse [Zn72]-MT was as-
were added to a final concentration of 0.1 mM. After incubation for sayed spectrophotometrically at 412 nm and 25	C, with 5,5-dithio-
a further 3 hr at 37	C, cells were pelleted by centrifugation at 6000 bis(2-nitrobenzoic acid) (DTNB), by the procedure described by Ji-
rpm for 20 min and washed two times in PBS (140 mM NaCl, 2.7 ang and coworkers [43]. The reactivity of the MTs (10 M) with
mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4 [pH 7.3]). The pelleted DTNB (4 M) was measured in 0.2 M Tris-HCl (pH 7.4).
cells were resuspended in 5% of the original volume of PBS con-
taining 3 mM -mercaptoethanol and lysed by mild sonication at Kinetics of Zn2/Cd2 Substitution
4	C. Triton X-100 was added to a final concentration of 1%, and The cadmium substitution in fish and mouse [Zn72]-MT was mea-
the suspension was mixed gently at room temperature for 1 hr to sured spectrophotometrically. Cadmium (21M) was incubated with
facilitate solubilization of proteins. The recombinant fusion protein fish or mouse MT (2 M) in 0.2 M Tris-HCl (pH 7.4), and the formation
(GST-MT) was purified by affinity chromatography with a column of of the Cd-thiolate complex was followed by measuring the ab-
glutathione Sepharose 4B (Pharmacia Biotech, Sweden) equili- sorbance at 254 nm. At the end of the reaction, samples were dia-
brated with PBS. The supernatant was applied on an affinity column lyzed, and the cadmium content was determined by atomic absorp-
and then extensively washed with equilibration buffer. The GST-MT tion spectroscopy with a Perkin Elmer 5100 PC apparatus equipped
was eluted with 10 mM glutathione in 50 mM Tris-HCl (pH 8.0). with a Zeeman furnace.
The fusion protein containing fractions were pooled, digested with
thrombin, and then fractionated on a column of Sephadex G-75
Acknowledgments(45  1.5 cm) equilibrated with 0.02 M Tris-HCl buffer (pH 8.00).
Column eluate was collected in 1 ml fractions and monitored for
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